With the rapid development of marine economy industry, the activities for exploring and exploiting the marine resources are increasing, and there are more and more marine construction projects, which contribute to the growing trend of eutrophication and frequent occurrence of red tide. Thus, seawater quality has become the topic which the people generally cared about. The seawater quality evaluation could be considered as an analysis process which combined the evaluation indexes with certainty and evaluation factors with uncertainty and its changes. This paper built a model for the assessment of seawater environmental quality based on the multiobjective variable fuzzy set theory (VFEM). The Qingdao marine dumping site in China is taken as an evaluation example. Through the quantitative research of water-quality data from 2004 to 2008, the model is more reliable than other traditional methods, in which uncertainty and ambiguity of the seawater quality evaluation are considered, and trade the stable results as the final results of seawater quality evaluation, which effectively solved the impact of the fuzzy boundary of evaluation standard and monitoring error, is more suitable for evaluation of a multi-index, multilevel, and nonlinear marine environment system and has been proved to be an effective tool for seawater quality evaluation.
Introduction
Since the 1950s, marine environmental quality has been studied by domestic and foreign scholars in detail, and many methods for seawater quality evaluation are available, including the single factor index method [1] [2] [3] , the fuzzy comprehensive evaluation method [4] [5] [6] , the BP neural network method [7, 8] , the grey clustering method [9] , and the support vector machine (SVM) [10] , among others. Each of these methods has their own advantages and disadvantages. Seawater quality assessment combines certain evaluation indices and criteria with uncertain evaluation factors and is a complicated process coupling the effects of multiple factors and their content changes. The assessment indices are often variable with fuzzy uncertainty. Commonly, traditional methods of water quality assessment treat the evaluation standard and a reference as a point [11, 12] , and hence the application of these methods have some limitations. In recent years, application of fuzzy comprehensive evaluation becomes more and more popular in real cases [13] [14] [15] [16] [17] , for solving the limitation problem in a classical mathematical model that describes uncertainty with either-or only. In fuzzy sets theory, we use this and that to describe the problems in uncertainty [18] , we could solve the problem of fuzzy boundary effectively and monitor errors affecting the evaluation results in environment evaluation. However, the fuzzy comprehensive evaluation method has some uncertainties, and the model is difficult to perform self-adjustment and self-verification. Therefore, to evaluate seawater environment quality scientifically with feasibility, we put forward a new model for assessment of seawater environment quality based on variable fuzzy recognition model and applied it in the assessment of seawater quality status of the Qingdao marine dumping site in China from 2004 to 2008. The results demonstrate that with the method, we can reasonably determine the relative membership degree and the relative membership function of evaluation indices in all levels or intervals of applicable standard and assess the grade of water quality more realistically and reasonably, which would be important as a new concept and reference for improving the performance of seawater assessment in China and, potentially, in the world.
Materials and Methods

Variable Fuzzy Model for Seawater Quality Evaluations.
The comprehensive seawater quality level of an object is identified according to the standard of indices and grades. In the standard interval of each index at level-ℎ, point ℎ is sure to exist, and thus, the relative membership degree of ℎ to level-ℎ is equal to one. The variable ℎ is defined as the standard value of index-at level-ℎ.
(1) According to indices and grades, determine the attraction domain matrix,
, of the variable set for seawater quality evaluation, range domain matrix, = ([ ℎ , ℎ ]), and ℎ point value matrix. ℎ can be determined according to the following formula:
(2) Calculating the relative membership degree matrix:
when falls to the left side of point ℎ , the relative membership degree model is calculated as follows:
When falls to the right side of point ℎ , the relative membership degree model is calculated as follows:
in which = 1 and the function model is a linear function. (3) The comprehensive relative membership degree vector of sample to level ℎ is calculated as follows:
where is the model optimization criteria parameter, is the distance parameter, and and can have 4 combinations given as follows.
(a) When = 1, = 1, the model is the fuzzy comprehensive evaluation model:
(b) When = 1, = 2, the model is the TOPSIS model:
(c) When = 2, = 1, the model is the activation function model of a neuron:
(d) When = 2, = 2, the model is the fuzzy optimization model:
In the conditions of fuzzy concept classification, using the principle of the maximum membership degree to identify the level of an object in assessment for seawater quality can easily produce an incorrect final result. The level-characteristic value proposed in the equation by Chen and Hu [19] can fully express the whole distribution characteristics of ℎ and V ℎ ( ), can make best information of the relative membership degree of level variables ℎ to a certain level, and can be used as the criterion of the variable fuzzy set theory to judge, identify, and determine the level: [20] . The two adjectives are used to describe the fuzzy boundary values of 0.5 and 1.0 according to their degree of importance, which are equally important and incomparably important, and were further divided into 11 mood operators: "equally, " "slightly, " "somewhat, " "rather, " "obviously, " "remarkably, " "very, " "extra, " "exceedingly, " "extremely" and "incomparably" which represent a different fuzzy scale ( Table 1 ). The relative membership degree of the objective to the importance of the fuzzy concepts is calculated to attain the weight of the objective set. The specific calculation steps are as follows.
(1) An objective set = { 1 , 2 , . . . , } for comparing the importance and build a binary importance sequence matrix according to the degree of importance of the target elements.
(2) Arrange the sum of matrix lines from large to small, and obtain the importance sequence of the objective set.
(3) According to the matrix , make a binary importance judgment by experience.
(4) By the relationships between different mood operators and fuzzy scales, calculate the relative membership degree of the objective to the importance of the fuzzy concepts and attain the nonnormalized weight vector 1 according to formula (4):
1 is the binary importance fuzzy scale value between objective 1 and objective ; 1 is the relative membership degree of objective to the importance. 
Determination of the Objective Weight
In the above formula, is the measured value of the th pollution factor; is the standard seawater quality value of the th pollution factor at the th level; is the average seawater quality value of four levels of the th pollution factor; is the number of pollution factors; and is the level number in the seawater quality standard.
Comprehensive Weight.
The weight determined by the nonstructural decision-making fuzzy theory model is an experience weight and can easily be influenced by anthropic factors. During the evaluation process, the effect of some indices may be overstated or reduced; the weight determined by the standard level method is a mathematical weight. The relative importance of some indices has not been considered. The two types of weight methods each have certain advantages and limitations.
Here referring to this paper [22] , the combination weight is adopted to improve the reliability of weight setting, which combined the binary fuzzy clustering weight with the standard level weight, and the calculation formula is as follows:
(13) In this formula, is the combinational weight, 1 is the experience weight determined by the non-structural decisionmaking fuzzy model, 2 is the objective weight determined by the standard level model, is the sensitivity coefficient with values of 0 < < 1. In general, the range of is 0.5∼0.7. To reinforce the importance of the combinational weight, here an intermediate value 0.6 was obtained and was regarded as the sensitivity coefficient of the combinational weight.
Results and Discussion
The Qingdao marine dumping site was one of the first marine dumping sites for Category III From November 1986 to 2009, the dredged materials dumped at this site exceeded a volume of 8.00 × 10 7 m 3 . This sea area is close to the navigation channel, the aquaculture area, and the holiday resort. It is the ecologically sensitive area that is also important for economic development. Therefore, it is important to accurately and timely evaluate the current environmental conditions at the dumping site for preventing ocean dumping from damaging the ecological environment, marine resources, and the submarine landform.
To facilitate comparisons, this study utilized monitoring data (Table 2) of the seawater quality at the Qingdao marine dumping site [23] . In view of the pollution conditions of dredged materials and the present seawater pollution situation at the dumping site [23, 24] , nine evaluation factors were selected, that is, COD, oils, DO, inorganic nitrogen, PO 4 -P, Cu, Pb, Zn and Cd for the index standards, please see the Seawater Quality Standard (GB 3097-1997). The variable fuzzy model was adopted to evaluate the situation of seawater quality at the Qingdao marine dumping site.
The data from 14 monitoring points (Table 2) in the Qingdao marine dumping site were used to validate the variable fuzzy model. The characteristic value matrix and the index standard value matrix of the seawater quality are established below according to the Seawater Quality Standard (GB 3097-1997) and the seawater quality monitoring data of the 14 sampling points in the Qingdao dumping site [23] , that is, and : [0, 3) (500, 1000) (45, ∞) (50, ∞) (50, ∞) (500, ∞) (10, ∞)
In reference to the standard seawater quality value and the actual seawater quality conditions at the Qingdao dumping site, the attraction domain matrix, the range domain matrix, and the ℎ matrix of the variable fuzzy seawater quality evaluation model were determined. Here, for the oil, PO 4 , Cu, and Cd, the standard values of the adjacent level are the same, so the mean value of the two levels was used in the actual classification to further divide the adjacent index levels. For example, for the PO 4 index, the standard value of Grade II and Grade III is 0.015∼0.030 mg/L; to facilitate the evaluation, the interval of Grade II was taken as 0.015∼0.0225 mg/L, while the interval of Grade III was taken as 0.0225∼0.030 mg/L. Practice has proved that it has no influence on the evaluation results. ℎ can be determined by formula (1) .
Therefore, the respective attraction domain matrix, the range domain matrix, and the ℎ matrix of the variable fuzzy seawater quality evaluation model are as follows: 
If is on the left side of ℎ , select formula (2) to calculate the relative membership degree, otherwise select formula (3) to calculate the relative membership degree.
Based on the consideration of expert opinions, the numerous studies available in the literature [25] [26] [27] [28] [29] , and the corresponding relationship between tone operators and the fuzzy scale values given in Table 1 , the two-dimensional importance comparison matrix of 9 indicators from large to small at a consistent scale can be determined, and the sum of the fuzzy measure values is as follows: 
Using formulas (11) and (12), the weight ( 2 ) was obtained as follows: 
According to formula (13), we could obtain the combination weight of 9 indices: 
Abstract and Applied Analysis 5 Using (4)- (9) to calculate the characteristic level value of sample at the time of = 1, = 1; = 1, = 2; = 2, = 1; = 2, = 2, and then the final evaluation results were obtained according to the following formula (20) , as shown in Table 3 
As shown in Table 3 , the evaluation results of 14 sampling points based on the variable fuzzy evaluation model are more consistent with the evaluation results based on a BP network, fuzzy comprehensive evaluation method, and fuzzy genetic neural network method, and only slight differences between the evaluation results of the variable fuzzy evaluation model and the results of other models were found in few sampling points. With the variation of ( , ) parameters in variable fuzzy recognition model, the characteristic level value of four different mathematical models at the sampling points remained within a small fluctuation range. Furthermore, compared with other evaluation methods, the variable fuzzy evaluation model can provide a more accurate position of the water quality level. The conditions of seawater quality at sampling points can be accurately differentiated according to the characteristic level values. The evaluation results by the variable fuzzy evaluation method at sampling points 2 and 5 are slightly inconsistent with the results by the other methods. Now, differences between variable fuzzy recognition model and fuzzy comprehensive evaluation model at those points of discrepancy are analyzed further.
For sampling point 2, the evaluation result based on the variable fuzzy evaluation model is between I and II, tending toward II, while the result based on the BP network and fuzzy genetic neural network is Grade III, and the result of fuzzy comprehensive evaluation method is Grade II. According to analyzing the original data of point 2, the values of COD, DO, inorganic nitrogen, PO 4 -P, Cu and Cd are 0.705 mg/L, 7.620 mg/L, 121 g/L, 6.35 g/L, 4.393 g/L and 0.208 g/L, respectively, which fall within the range of Grade I; the concentrations of Pb and Cd are 1.94 g/L and 73.767 g/L, respectively, which fall within the range of Grade II; and only the content of oil, is 0.049 mg/L, which is close to the Grade III standard, but still falls within the range of Grade I or Grade II. Based on the actual seawater quality conditions at the Qingdao dumping site, oil, Pb and Zn strongly influence the seawater quality of Qingdao dumping site. The weights of these indices are 0.122, 0.202 and 0.162, respectively, accounting for 48.6% of the total weight, so the classification result of between Grade I and Grade II, tending toward Grade II, is reasonable. The average characteristic level value by the variable fuzzy evaluation model was 1.66, and this evaluation result is more credible than the results of other models, more consist with the actual conditions of point 2. The results of BP network, fuzzy genetic neural network, and fuzzy comprehensive valuation method were Grade II or Grade III, overemphasizing a few pollution heavy factors and causing the evaluation results too high. Similarly, the situation of point 5 is similar to point 2.
Analyzing the causes of the differences between BP network, fuzzy comprehensive evaluation method, fuzzy genetic neural network evaluation method, and variable fuzzy evaluation model in Table 3 , fuzzy comprehensive evaluation method determines the water quality level on the basis of the maximum membership degree principle, thus, when the membership degree of the water quality at a level site does not differ considerably from the adjacent level (e.g., the membership degrees attached to Grade I, Grade II, Grade III, and Grade IV are 0, 0.34, 0.37 and 0.29, resp.), many important information may be lost, therefore, which often leads to the final evaluation results incorrect. BP neural network and genetic neural network adopt feed-forward networks, and their network structure is determined by experience, which always shows a great deal of randomness. As a result, it is sometimes possible to obtain a very small global optimum, causing the misjudgment of the final result.
This paper combines the monitoring values of seawater quality indicators with the national standard to build a seawater quality evaluation model in variable fuzzy recognition model, to deal with greater subjectivity problems of water quality evaluation with limited data. To a certain extent, we will measure the ambiguity and uncertainty of water quality evaluation objectively and increase the credibility of the rank of a sample point [30] .
The method of the seawater quality evaluation model based on variable vague set theory in this paper is able to combine linear model with nonlinear model through changes of the variable model parameters ( , ). This method not only avoids the instability of evaluation results caused by the single model but also can reflect the difference of the membership degree of the adjacent water level and finally take the stable level value as the final evaluation results of seawater environment. It can arrange the situation of water environment quality of various samples and clearly determine the water quality status that makes the evaluation results more trustworthy. According to the linear or nonlinear feature of the evaluation objects, seawater quality evaluation based on variable fuzzy recognition model can select variable models with the changes of variable model parameters ( , ) and combine the linear features with the nonlinear features of the evaluation objective, which weakened the influence of the index weight on the final results. It makes the model more flexible and accurate and avoids "over-fitting" because the neural network structure is too large. It also ensures that the model has better generalization ability and predictive ability.
However, for variable fuzzy recognition model, the rational weight setting is still an important factor to determine the reliability of the evaluation results. Due to cross-iteration of the parameters of variable fuzzy recognition model and the variability of indicators weight vector, it is very important to reasonably set the indicator weight according to the nature of a real case and the importance of actual decision objective in practice.
We use weight-determination method of the comprehensive weight which combines the subjective nonstructural The units for COD, oil and DO are mg/L; the units for inorganic nitrogen, PO 4 -P, Cu, Pb, Zn and Cd are g/L.
decision-making fuzzy weights with the objective standard level weights and provide a reference for weight setting.
In the future, how to set index weight more reasonably in actual marine environment evaluation and how to determine the level of seawater quality according to the characteristic level values will be studied to improve the application of multitarget variable fuzzy recognition model for seawater quality evaluation. Each water quality evaluation method owns different emphases. Variable fuzzy recognition model can combine the linear features with the nonlinear features of the evaluation objective and provide a reference for the multi-objective decision solutions and can be promoted for the evaluation of other multi-index, multilevel, and nonlinear systems.
Using the monitoring data of the seawater quality at Qingdao dumping site (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) , the comprehensive situation of Qingdao dumping site (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) is evaluated by variable fuzzy comprehensive evaluation model. The evaluation results are shown in Table 4 . From Table 4 , we can see that the results of seawater quality in the Qingdao dumping site all satisfy the standard of Grade II specified by the Sea Water Quality Standard (GB3097-1997). In 1997 and 2003, the seawater quality of Qingdao dumping site was rather poor and the characteristic level values were 1.59 and 1.64, respectively, which is within the range of Grade II. In other years, the water quality of Qingdao dumping site was satisfactory and met the standard of Grade I. From 1985, the seawater quality of the Qingdao dumping area started to decline. In 1997, it reached a low point, and the characteristic level value of the Qingdao dumping area was only 1.59, which only corresponded to the standard of Grade II. From 2000, the seawater quality of the Qingdao dumping area tended to improve. However, in 2003, the seawater quality began to deteriorate again, and the characteristic level value of the Qingdao dumping area in 2003 was 1.64, which was the worst among the seawater quality situation of the examined years. The major impact factors affecting the seawater quality of the Qingdao dumping area are heavy metals Pb, Zn and oils; Pb is especially the most serious factor for the seawater quality of the Qingdao dumping area. From 1985 to 2003, the content of Pb is always within the range of Grade II or Grade III; only in 2000, the content of Pb is satisfied with the standard of Grade I. Secondly, the more serious pollutants are oils and Zn. In 1997, the content of oil exceeded the standard of Grade II 0.49 times. The dumped dredged materials are the primary cause affecting the seawater quality of this area, and the wastes dumped into the sea are mainly the dredged materials of Grade III. In these dredged materials, there are a number of pollutants which may affect the marine environment of the Qingdao dumping area, such as Pb, Zn, oils, and the compounds of other elements. These pollutants are transformed into harmful substances through chemical reactions and biological reactions, which affected the seawater environment of the Qingdao dumping area. Nevertheless, compared with the environmental conditions of the time when the dumping area was delimited, the environmental conditions of the dumping area have essentially remained unchanged. The benthic community structure in the dumping area has not undergone any significant changes due to the dumping of dredged materials. The dumped wastes of the Qingdao dumping area are somewhat controlled within the predicted management, and the dumping of dredged materials has no impact on the offshore marine environment; the basic function of the ocean dumping area is still to be maintained.
Conclusion
We build a seawater environmental quality assessment model based on variable fuzzy recognition model, in which uncertainty and ambiguity of the seawater quality evaluation are considered, and the monitoring values of seawater quality evaluation indicators and the standard value of seawater quality are combined. Through the application of this model for the Qingdao marine dumping site water quality evaluation and comparison in performance with other models, the model is proved to be an effective tool for seawater quality evaluation. The following conclusions can be drawn.
(1) Seawater environmental quality assessment model based on variable fuzzy recognition model considers the uncertainty and ambiguity involved in the seawater quality evaluation, combines monitoring values of seawater quality evaluation indicators and the standard value of seawater quality, and selects the right variable model of the different parameters according to the linear or nonlinear features of the evaluation objects. Therefore, the method is more flexible than other models, and the evaluation results are more stable. It can arrange the situation of water environment quality of various samples and clearly determine the water quality status that makes the evaluation results more credible; therefore, it is more suitable for evaluation of a multi-index, multi-level, and nonlinear marine environment system. (2) Different indices in different seawater environments have different effects on the evaluation results of seawater quality. In this paper, weight-determination method of the comprehensive weight which combines the subjective nonstructural decision-making fuzzy weights with the objective standard level weights and provides a reference for weight setting. When the evaluation model is applied to other applications, it is necessary to set the index weight reasonably according to the specific conditions of seawater quality evaluation. (3) In the future, how to determine the level of seawater quality according to the characteristic level values is an important part, which needs to be improved in the application of a multitarget variable fuzzy recognition model for seawater quality evaluation.
